A small spirillum, designated 5175, was isolated from an anaerobic enrichment culture for Desulfuromonas in which the major medium constituents were acetate and elemental sulfur. The organism grew only under anaerobic or microaerophilic conditions. Elemental sulfur was formed anaerobically in a malate-sulfide medium, and cell densities of 10' cells/ml were obtained. 
A small spirillum, designated 5175, was isolated from an anaerobic enrichment culture for Desulfuromonas in which the major medium constituents were acetate and elemental sulfur. The organism grew only under anaerobic or microaerophilic conditions. Elemental sulfur was formed anaerobically in a malate-sulfide medium, and cell densities of 10' cells/ml were obtained. Hydrogen and formate were actively oxidized as substrates for growth under anaerobic conditions; SI, SO:2-, or S.,0:32-, but not S02-, served as electron acceptors and were stoichiometrically reduced to sulfide. Malate or fumarate likewise served as electron acceptors and were reduced to succinate. Nutritional requirements were simple, no vitamins or amino acids being required. For growth in inorganic media where carbon dioxide was the only carbon source, the addition of acetate was required as a source of cell carbon. The organism is gram negative. Cells had a diameter of 0.5 g.m and a wavelength of 5.0 ,um. Cell suspensions exhibited an absorption spectrum indicative of a cytochrome with peaks in the reduced form at 552, 523, and 416 nm. Well growing syntrophic cultures with Chlorobium were established with formate as the substrate.
In recent years the important and dynamic role of hydrogen in anaerobic microbial habitats has become apparent (3, 4, 6, 16, 17) . Hydrogen is rarely detectable in anaerobic environments where active microbial metabolism is in progress, since it is a highly desirable substrate. Studies by Wolin have stressed the importance of interspecies hydrogen transfer (17) . Anaerobic oxidation of hydrogen may be coupled to a variety of electron acceptors, major acceptors being carbon dioxide, which is reduced to methane (1, 16) , and sulfate, which is reduced to sulfide (2) .
One of the poorly understood areas of environmental microbiology concerns the reduction of elemental sulfur in anaerobic environments. This aspect of the sulfur cycle has largely been ignored, since elemental sulfur may be reduced by a variety of organisms by mechanisms assumed not to be of physiological importance (13) . In addition, the formation of elemental sulfur in anaerobic environments has been well documented only for photosynthetic bacteria (11, 15) Fig. 3, 4 , 5 and 6, the buffering capacity of the medium was increased by the addition of potassium phosphate (pH 6.8) to give a final concentration of 0.2%.
Pure cultures were obtained by serial dilution of a sample from the enrichment culture through agar shakes of the basal medium supplemented with 0.1% DL-malate, 0.05% acetate, and 0.05% pyruvate by the method described by Pfennig (10, lla). Stock cultures were maintained in the same medium and stored at 4°C.
Growth studies. For growth studies, each 50-ml bottle of medium received an inoculum of 0.2 ml from an active culture. To sterilize elemental sulfur for use in certain experiments an aqueous suspension of flowers of sulfur was ground in a mortar to produce a fine suspension, which was autoclaved in a bottle for 30 min at 112 to 115°C; after sterilization the water was decanted. When elemental sulfur was used as an electron acceptor, it was added in excess, about 200 mg (dry weight) being added to 50 ml of medium. A sterile glass bead about 0.5 cm in diameter also was added to each bottle of SO-containing medium. When hydrogen was used as the substrate, the standard screw cap of an inoculated 50-ml bottle of medium was aseptically replaced with a sterile rubber serum stopper, which was held in place by a metal screw-cap having an opening in the top. Hydrogen was added in the following manner. A sterile 10-cm:' syringe with a 2-inch (about 5-cm), 20-gauge needle was lubricated with sterile water and flushed three times with hydrogen which had been filtered through sterile cotton. The syringe, which contained 10 cm' of hydrogen, was maintained in a vertical position, needle down, as the hydrogen was transferred to the bottle of medium. A sterile 20-gauge needle also was inserted through the rubber septum to serve as an exit for the medium, which was replaced as the hydrogen was forced from the syringe into the bottle. Each bottle was incubated on its side on a rotary shaker at about 180 cycles per min. To measure hydrogen consumption, a 10-cm: syringe with a glass piston was selected so that the piston floated freely, when lubricated with sterile water. The syringe was filled with hydrogen and handled as noted above. When the needle was inserted through the serum stopper of a bottle culture, the negative pressure within the bottle equilibrated with atmospheric pressure by addition of hydrogen from the syringe. (14) . The presence of elemental sulfur was established in the manner used for cultures of Chlorobium (11) . The base ratio (moles percent guanine plus cytosine Imol% G+C]) of the deoxyribonucleic acid (DNA) was determined by H. Hippe by use of the thermal denaturation method. Succinate was determined by D. Vollbrecht using quantitative gas chromatography (5% Reoflex 400 on Chromosorb GAW 60/80 mesh).
RE SULTS
In agar-shake cultures designed for the isolation of freshwater strains of Desulfuromonas acetoxidans (1 la), lens-shaped, yellowish colonies 1 to 3 mm in diameter were detected. Examination of colony suspensions in wet mounts by phase-contrast microscopy revealed actively motile spirilla and highly refractile globules of sulfur as noted in cultures of phototrophic green sulfur bacteria (11) . As shown in Fig. 1 , the spirillum has a cell diameter of 0.5 gm.
Length of the spirals was found to vary depending upon culture conditions from 2.5 to 20 ,um or more. Cells less than 2.5 ,m in length may be formed. Cells were gram negative. In agar shakes of the malate-acetate-sulfide medium which were not layered with paraffin seals, isolated colonies deep in the agar reached a diameter of 5 mm in 6 days, showing that growth was stimulated under microaerophilic conditions. If the same medium without sulfide was prepared in tubes as a semisolid medium (agar 0.2%) and was inoculated at 40°C immediately after sterilization, cell growth localized in a narrow band about 1 cm below the surface; this band of growth expanded down the tube to a width of 2 cm or more in 2 weeks. Cells remained actively motile. Growth under these conditions also was obtained when yeast extract or peptone (0.2%) was substituted for malate and acetate, indicating a lack of substrate specificity under microaerophilic conditions. Growth was never obtained aerobically on the surface of an agar plate, although a variety of media was tested.
Nutrition was found to be simple; addition of vitamins or amino acids was not required for growth in the basal medium with hydrogen or formate as substrate and with S", SO:2-, or S2032-as electron acceptor. However, under these conditions, the organism was unable to synthesize cell material solely from CO.,; acetate was required as a source of cell carbon, and pyruvate could be used instead of acetate. No growth occurred under these conditions in the absence of hydrogen or formate.
Although a variety of sugars and organic acids was tested, no evidence was obtained that the organism could be a fermentative anaerobe in the classical sense; that is, the organism could not produce an electron acceptor as a product of anaerobic metabolism. Addition of an electron acceptor was required. It is not surprising in view of these findings that wholecell suspensions exhibited an absorption spectrum indicative of a cytochrome (Fig. 2) tor added. In a similar experiment, 0.32 mmol of sulfite was added; the culture produced 0.29 mmol of sulfide and consumed 0.86 mmol of hydrogen in agreement with the expected ratio of H2:S2-of 3:1. In this medium pyruvate could be used as a cell-carbon source, but when added at increasing levels in the presence of acetate, had no effect on cell yield or hydrogen consumption, indicating that it did not serve as an electron acceptor.
Results (Fig. 4) show values for the consumption of hydrogen and reduction of sodium thiosulfate to sulfide by a growing culture. The initial concentration of sodium thiosulfate was 0.16 mmol per bottle, and after 72 h the culture had consumed 0.67 mmol of hydrogen and produced 0.27 mmol of sulfide, with growth in proportion to hydrogen consumed and sulfide formed. Theoretical values would have been 0.64 mmol of hydrogen consumed and 0.32 mmol of sulfide produced. When sodium sulfate was substituted for sodium sulfite or sodium thiosulfate, no growth of the spirillum occurred and no sulfide was formed.
The organism was able to grow by the anaerobic oxidation of hydrogen and reduction of elemental sulfur. When malate-grown cells were inoculated into the basal medium which contained hydrogen, acetate, and elemental sulfur, considerable viability was lost in the first 36 h (Fig. 5) . The culture recovered, growth follow- Syntrophism with Chlorobium. Since Chlorobium limicola does not use formate, it was possible to set up syntrophic mixtures with the spirillum. In this experiment, three culture bottles contained the basal medium with only formate and acetate added (Fig. 6A) . The bottle labelea 9330 was inoculated only with Chlorobium strain 9330, and a small amount of growth occurred from the sulfide and acetate present in the basal medium. The bottle labeled 5175 received only the spirillum as inoculum; the medium remained water-clear, since no electron acceptor was provided for the anaerobic oxidation of formate. The culture bottle with both organisms showed heavy growth of Chlorobium. The bottles were fed formic acid every second day, and the pH was carefully monitored so that it did not rise above 7.3. A photomicrograph showing the syntrophic mixture of cells is shown in Fig. 6B DNA base ratio is 49.2 mol% G+C for V. succinogenes and 38.4 mol% G+C for spirillum 5175. We prefer not to name the organism until other strains have been studied. The new spirillum is unusual in its ability to anaerobically use H.,S as an electron donor for the reduction of malate or fumarate as well as in its ability to grow by the reduction of elemental sulfur to sulfide using hydrogen or formate as electron donors. Although we have observed that elemental sulfur is produced from sulfide under anaerobic conditions, we have not studied the stoichiometry of this process. Ecologically the detection of elemental sulfur may be analogous to the detection of hydrogen; it may not be found in anaerobic, dark environments because it is quickly metabolized. Spirillum 5175 differs from Thiomicrospira in being unable to grow aerobically under chemolithotrophic conditions (8) .
Reduction of elemental sulfur to sulfide has been regarded as a nonspecific process which may have no significant role in cellular metabolism (13) . Results presented in this paper (Fig.  5 ) establish that for spirillum 5175 the oxidation of hydrogen and reduction of S" to S'-is a significant process, yielding energy for growth, even though the AG,,' for reaction 3 is only -6.5 kcal. In addition to SI, SO:2-and S.Os2-serve as electron acceptors. However, in contrast to sulfate-reducing bacteria, spirillum 5175 is unable to reduce sulfate. It also differs from Desulfovibrio in its DNA base ratio as well as in its ability to grow under microaerophilic conditions in the presence of organic compounds.
The successful syntrophic culture of spirillum 5175 and Chlorobium reported here provides another example of interspecies sulfur transfer similar to the syntrophic culture of Desulfuromonas and Chlorobium studied recently (lla). The substrates now known to serve as electron donors for the reduction of S under anaerobic conditions are H., and formate (spirillum 5175) as well as acetate, ethanol, propanol, and butanol (Desulfuromonas). In light of these results with syntrophic mixed cultures, we find it interesting to consider the report on the use of formate by a culture of "Chloropseudomonas ethylica" (7) . 
